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A combined immunofluorescence and fluorescent in situ
hybridization assay for single cell analyses of dental plaque
microorganisms
Abstract
A IF-FISH protocol was developed to characterize discrete cell populations within complex dental
plaque samples. Optimizing and shortening the 3-step IF procedure and including RNase inhibitor in all
IF reagents enabled the combination of both techniques and thus the simultaneous detection and
enumeration of bacterial populations with distinct 16S rRNA sequences and/or surface markers of
interest.
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Abstract 
A IF-FISH protocol was developed to characterize discrete cell populations within complex 
dental plaque samples. Optimizing and shortening the 3-step IF procedure and including 
RNase inhibitor in all IF reagents enabled the combination of both techniques and thus the 
simultaneous detection and enumeration of bacterial populations with distinct 16S rRNA 
sequences and/or surface markers of interest.  
 
 
The human oral cavity is colonized by a commensal microflora of more than 1011 
microorganisms. Forming complex biofilms, they colonize all ecological niches offered by oral 
tissues. Less than 50% of the oral taxa have been cultured so far (Wilson et al., 1997). 
During the last decade hundreds of previously unknown phylotypes and clones have been 
identified in studies investigating 16S rRNA diversity in different forms of dental plaque 
(Paster et al., 2001; Paster et al., 2002; Munson et al., 2004; Aas et al., 2005; Kumar et al., 
2005; de Lillo et al., 2006). Moreover, evidence of extensive horizontal gene exchange in oral 
biofilms is steadily increasing (Hoshino et al., 2005; Kilian et al., 2006). To better understand 
natural biofilm ecologies, in situ techniques allowing the simultaneous identification of cell 
populations defined by genetic and phenotypic markers are highly desirable. A way to 
approach this is to combine labeling of target cell populations, cultivable or non-cultivable, by 
fluorescent in situ hybridization (FISH) with 16S rRNA probes and by immunofluorescence 
(IF) with antibodies to cell surface markers. Our attempts to combine FISH and IF failed in 
the past due to loss of the FISH signal and very strong IF background fluorescence. Here, 
we describe a systematic effort to control these problems and report a protocol for successful 
combined IF-FISH. 
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Subgingival plaque samples were collected with paper points from the deepest 
periodontal pockets of three quadrants of patients with advanced chronic periodontitis (Gmür 
et al., 1989). Samples were processed within one hour or frozen at -80°C for later use. They 
were vortexed for 60 sec to disrupt aggregates as much as possible, then diluted 1:8 in 
coating buffer (0.9% NaCl, 0.02% NaN3, 0.00025% hexadecyltrimethylammonium bromide), 
dropped (10 µl/well) onto 18- or 24-well glass slides with a well diameter of 4 mm (Cel-Line, 
Portsmouth, NH, USA) and let to air-dry. IF and FISH involve a number of steps such as 
fixation (both), prevention of unspecific labeling (IF), permeabilization (FISH), consecutive 
incubations with primary, secondary and tertiary antibody reagents at 37°C (IF), hybridization 
at 46°C (FISH), multiple washings and air-dryings (both) that are part of established standard 
procedures described in detail for FISH (Manz, 1999; Gmür and Thurnheer, 2002) and IF 
(Gmür et al., 1989; Gmür and Guggenheim, 1994). These standard assays were used as a 
starting point for the present study. While many steps, particularly of the IF protocol, were 
investigated systematically (see below), the following assay parameters were kept 
unchanged: Slides were always fixed by a 20-min incubation at 4°C in 4% 
paraformaldehyde/PBS and stained within 48 h. Hybridizations were performed in humid 
atmosphere in 50 ml plastic centrifuge tubes at 46°C for 2 h (Thurnheer et al., 2001) using 
40% formamide and 5 ng/µl of the Cy3-conjugated probe Tfor582 in 3-5 µl/well of 
hybridization buffer. Tfor582 (GCGGACTTAACAGCCCACCT) (Microsynth, Balgach, 
Switzerland) is targeting the 16S rRNA of Tannerella forsythia (Züger, 2006). Cells were 
visualized with an Olympus BX60 epifluorescence microscope [Olympus Optical (Schweiz)] 
equipped with phase-contrast, an HBO 103 W/2 mercury photo optic lamp (Osram) and 
Olympus Fillter sets U-MNIBA (6-FAM, FITC), U-MA41007 (Cy3) and BX-DFC5 (6-
FAM/FITC/Cy3). Color micrographs were taken with a digital Olympus Camedia 3030 
camera, transferred to an iMac G5 personal computer and processed using iPhoto 6.0.4 
(Apple) and Photoshop 6.0 (Adobe) without any qualitative changes to the raw images. The 
detection limit of both assays was approximately 3 x 103 for a typical sample containing 108 
bacteria (Gmür, 1995). 
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Experiments aimed at making the two assays compatible focused on a systematic fine 
tuning of the IF procedure, assuming that the standard IF assay will be more tolerant to 
experimental variation than the standard FISH assay. Table 1 summarizes and codes the 
assay steps and Table 2 lists the assays used to investigate these modifications. With 
assays 1-18 (Table 2) we aimed to optimize (a) the covering of unspecific binding sites 
created e.g. by fixation; (b) the protection of the rRNA from degradation; (c) the sequence of 
IF/FISH. The most important observation was that without the presence of an RNase 
Inhibitor – protectRNATM RNase inhibitor (R-7397, Sigma-Aldrich, USA; diluted 1:500) was 
used – no consistent FISH signal could be obtained whenever IF and FISH were combined 
(Table 2). Apparently, the IF reagents, prepared from aliquots of stocks maintained at -20°C, 
contained enough RNase to degrade the target rRNA below detectability. In comparison, the 
choice of the blocking reagent seemed less important. However, Denhardt's solution (D-
2532, Sigma-Aldrich; diluted 1:50 in 0.9% NaCl/MilliQ water) proved to be superior to BSA at 
preventing unspecific rRNA probe-binding to bacterial cell surfaces (data not shown). 
Concerning the order of FISH and IF, better results were obtained when IF preceded FISH 
(assays 11 and 12 versus 15 and 16). Overall, the experiments 1-18 (Table 2) indicated the 
feasibility of combined IF-FISH, but still the most improved assays suffered from patchy IF 
cell wall labeling and cloudy IF background. These deficiencies were addressed with assays 
19-23 (Table 2). Replacing the two-step IF procedure of assays 11 and 12 by a 3-step IF 
procedure with goat anti-mouse IgG-biotin (Sigma-Aldrich) as secondary and avidin-FITC 
(Sigma-Aldrich) as tertiary reagent resulted in improved cell wall fluorescence with still too 
high background (assays 21 and 22). By far the best results were seen with assay 23, 
whereby assay 22 was further optimized by reducing IF incubation times to 30 min to limit 
rRNA degradation, by increasing the 2nd antibody concentration to enhance fluorescence 
intensity, and by replacing avidin-FITC with streptavidin-FITC (S-3762, Sigma-Aldrich) 
leading to a drastic reduction of IF background fluorescence. Figure 1 (A-C) shows a mixed 
aggregate from subgingival plaque labeled simultaneously for T. forsythia with Tfor582-Cy3 
(red) and 116BF1.2 (green). 
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Table 3 summarizes the protocol for the combined application of IF and FISH resulting 
from this study. The protocol was further validated by double-staining both supra- and 
subgingival plaque samples for selected Gram-positive and Gram-negative taxa. Specifically, 
FISH probes EUB338-Cy3 detecting most Bacteria (Amann et al., 1995), Camp655-Cy3 
(CATCTGCCTCTCCCTYAC) detecting most of Campylobacter and ACT476-Cy3 
(ATCCAGCTACCGTCAACC) detecting the Actinomyces naeslundi cluster were combined 
with mAbs 212WR2 recognizing Campylobacter rectus (Gmür, 1995) and 376FN1.2 which 
labels phosphorylcholine decorated bacteria (Gmür et al., 1999). In all assessed 
combinations the tests confirmed the usefulness of the new protocol. Figure 1 (D-F) shows 
as an example plaque bacteria double-labeled by EUB338 and 376FN1.2. 
The described IF-FISH procedure is a valuable tool for identifying and enumerating 
specific bacteria present in natural biofilms. The technique has been applied successfully to 
study Tannerella populations in various forms of dental plaque (Züger 2006). Its use should 
help in gaining a better understanding of oral microbial ecologies.  
 
References 
Aas, J.A., Paster, B.J., Stokes, L.N., Olsen, I., Dewhirst, F.E., 2005. Defining the normal bacterial 
flora of the oral cavity. J. Clin. Microbiol. 43, 5721-5732. 
Amann, R.I., Ludwig, W., Schleifer, K.-H., 1995. Phylogenetic identification and in situ detection 
of individual microbial cells without cultivation. Microbiol. Rev. 59, 143-169. 
De Lillo, A., Ashley, F.P., Palmer, R.M., Munson, M.A., Kyriacou, L., Weightman, A., Wade, W.G., 
2006. Novel subgingival bacterial phylotypes detected using multiple universal polymerase 
chain reaction primer sets. Oral Microbiol. Immunol. 21, 61-68. 
Gmür, R., 1995. Value of new serological probes for the study of putative periodontal pathogens. 
Quintessence Publishing Co, Inc, Carol Stream, IL. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Gmür, R., Guggenheim, B., 1994. Interdental supragingival plaque - a natural habitat of 
Actinobacillus actinomycetemcomitans, Bacteroides forsythus, Campylobacter rectus, and 
Prevotella nigrescens. J. Dent. Res. 73, 1421-1428. 
Gmür, R., Strub, J.R., Guggenheim, B., 1989. Prevalence of Bacteroides forsythus and 
Bacteroides gingivalis in subgingival plaque of prosthodontically treated patients on short 
recall. J. Periodont. Res. 24, 113-120. 
Gmür, R., Thurnheer, T., 2002. Direct quantitative differentiation between Prevotella intermedia 
and Prevotella nigrescens in clinical samples. Microbiology 148, 1379-1387. 
Gmür, R., Thurnheer, T., Guggenheim, B., 1999. Dominant cross-reactive antibodies generated 
during the response to a variety oral bacterial species detect phosphorylcholine. J. Dent. 
Res. 78, 77-85. 
Hoshino, T., Fujiwara, T., Kilian, M., 2005. Use of phylogenetic and phenotypic analyses to 
identify nonhemolytic streptococci isolated from bacteremic patients. J. Clin. Microbiol. 43, 
6073-6085. 
Kilian, M., Frandsen, E., Haubek, D., Poulsen, K., 2006. The etiology of periodontal disease 
revisited by population genetic analysis. Periodontol. 2000 42, 158-179. 
Kumar, P.S., Griffen, A.L., Moeschberger, M.L., Leys, E.J., 2005. Identification of candidate 
periodontal pathogens and beneficial species by quantitative 16S clonal analysis. J. Clin. 
Microbiol. 43, 3944-3955. 
Manz, W., 1999. In situ analysis of microbial biofilms by rRNA-targeted oligonucleotide probing. 
Methods Enzymol. 310, 79-91. 
Munson, M.A., Banerjee, A., Watson, T.F., Wade, W.G., 2004. Molecular analysis of the 
microflora associated with dental caries. J. Clin. Microbiol. 42, 3023-3029. 
Paster, B., Russell, M., Alpagot, T., Lee, A., Boches, S., Galvin, J., Dewhirst, F., 2002. Bacterial 
diversity in necrotizing ulcerative periodontitis in HIV-positive subjects. Ann. Periodontol. 7, 
8-16. 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Paster, B.J., Boches, S.K., Galvin, J.L., Ericson, R.E., Lau, C.N., Levanos, V.A., Sahasrabudhe, 
A., Dewhirst, F.E., 2001. Bacterial diversity in human subgingival plaque. J. Bacteriol. 183, 
3770-3783. 
Pernthaler, J., Glöckner, F.O., Schönhuber, W., Amann, R., 2002. Fluorescence in situ 
hybridization with rRNA-targeted oligonucleotide probes. In: Paul, J.(Ed.), Methods in 
Microbiology: Marine Microbiology(30), Academic Press Ltd, London. 
Thurnheer, T., Gmür, R., Giertsen, E., Guggenheim, B., 2001. Automated fluorescent in situ 
hybridization for the specific detection and quantification of oral streptococci in dental 
plaque. J. Microbiol. Methods 44, 39-47. 
Werner-Felmayer, G., Guggenheim, B., Gmür, R., 1988. Production and characterization of 
monoclonal antibodies against Bacteroides forsythus and Wolinella recta. J. Dent. Res. 67, 
548-553. 
Wilson, M., Weightman, A., Wade, W., 1997. Applications of molecular ecology in the 
characterization of uncultured microorganisms associated with human disease. Reviews 
Med Microbiol 8, 91-101. 
Züger, J., 2006. Charakterisierung von Tannerella-Populationen aus subgingivaler und 
supragingivaler Plaque. MD thesis, University of Zürich, Switzerland. 
 
 
 
Figure legend 
 
Fig. 1. Micrographs of bacterial cells from dental plaque visualized by combined IF-FISH. The 
FISH-confered signal is red (Cy3), the one from IF is green (FITC). Images A-C show a small 
clump containing T. forsythia labeled by 116BF1.2 (IF) and Tfor582 (FISH). The cells in D-F 
are stained by 376FN1.2 (IF) recognizing surface-bound phosphorylcholine and EUB338 
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(FISH) with specificity for Bacteria. Images A and D were made using the BX-DFC5 
fluorescence filter for the detection of both signals, whereas B, E and C, F present images 
made with the filters for Cy3 and FITC fluorescence, respectively. The scale bars indicate 2.5 
µm. 
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Table 1   
Variations of the standard IF procedure investigated for applicability in combination  
with FISH  
Investigated step(s) Code of tested variant Composition of tested variant 
Prevention of unspecific binding  A 0.5% BSA in PBS 
Covering of unspecific binding 
sites  
B Denhardt's solution in 0.9% NaCl 
Prevention of unspecific binding 
and with RNase inhibition 
C 0.5% BSA + RNase inhibitor in PBS 
Prevention of unspecific binding 
and with RNase inhibition 
D Denhardt's solution + RNase inhibitor in 0.9% 
NaCl 
IF – 1st incubation step E 116BF1.2 (1:2), 0.5% BSA in PBS; 60 min 
incubation 
IF – 1st incubation step with 
RNase inhibition 
F 116BF1.2 (1:2), 0.5% BSA + RNase inhibitor 
in PBS; 60 min incubation 
IF – 1st incubation step 
(original standard assay) 
U 116BF1.2 (1:2), 0.5% milk powder, 0.05% 
Tween 20 in borate saline; 60 min incubation 
IF – 2nd incubation step G Rabbit-anti-mouse Ig-FITC (1:200), 0.5% BSA 
in PBS; 60 min incubation 
IF – 2nd incubation step with 
RNase inhibition 
H Rabbit-anti-mouse Ig-FITC (1:200), 0.5% BSA 
+ RNase inhibitor in PBS 
IF – 2nd incubation step with 
RNase inhibition 
I Goat-anti-mouse IgG (H+L)-Biotin (1:500), 
0.5% BSA + RNase inhibitor in PBS; 60 min 
incubation 
IF – control of 2nd incubation step J no reagent; the well remained dry during this 
60 min incubation period 
IF – 3rd Incubation step K Streptavidin-FITC (1:2000), 0.5% BSA + 
RNase inhibitor in PBS; 60 min incubation 
FISH M Tfor582-Cy3 in hybridization-buffer containing 
40% formamide 
FISH and 3rd  IF incubation 
simultaneously, with RNase 
inhibition  
N Tfor582-Cy3 in hybridization-buffer containing 
40% formamide + RNase inhibitor + Avidin-
FITC (1:2000) 
IF – 1st incubation step with 
RNase inhibition 
F2 116BF1.2 (1:10), 0.5% BSA + RNase inhibitor 
in PBS; 30 min incubation 
IF – 2nd incubation step with 
RNase inhibition 
I2 Goat-anti-mouse IgG (H+L)-Biotin (1:250), 
0.5% BSA + 0.05% Tween 20 + RNase 
inhibitor in PBS; 30 min incubation 
IF – 3rd Incubation step with K2 Streptavidin-FITC (1:1000), 0.5% BSA + 
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RNase inhibition 0.05% Tween 20 + RNase inhibitor in PBS; 30 
min incubation 
Table 2  
FISH and IF scores from combined stainings, testing multiple variants of the standard 
IF procedure 
Assay   Design of 
 assaya 
Characteristics of assayb 
BSA DEN RNaseInh Order of FISH and IF 
  Results 
FISH IF 
 1 
 2 
 3 
 4 
 5 
A > E > G > M 
B > E > G > M 
B > J > J > M 
B > A > A > M 
U > G > M 
yes no no IF ahead of FISH   
no yes no  
no yes no 
no yes no  
no no no  
 –c 3-4+c 
 – 3-4+ 
 – to 3+d 
 – 
 – 2-3+ 
 6 
 7 
 8 
 9 
 10 
A > M > E > G 
B > M > E > G 
B > M > J > J 
B > M > A > A 
M > U > G 
yes no no FISH ahead of IF   
no yes no  
no yes no  
no yes no  
no no no  
 – 3-4+ 
 – 3-4+ 
 – to 3+ 
 – 
 – 3-4+ 
 11 
 12 
 13 
 14 
C > F > H > M 
D > F > H > M 
D > J > J > M 
D > B > B > M 
yes no yes IF ahead of FISH 
no yes yes  
no yes yes  
no yes yes  
 4+ ± to 3-4+ 
 3-4+ ± to 3+ 
 3-4+ 
 3-4+ 
 15 
 16 
 17 
 18 
C > M > F > H 
D > M > F > H  
D > M > J > J 
D > M > B > B 
yes no yes FISH ahead of IF 
no yes yes  
no yes yes  
no yes yes  
 – to 4+  2-3+ 
– to 2-3+  ± to 3+ 
 2-4+ 
 3-4+ 
 19 
 20 
 21 
 22 
C > F > I > J > N 
D > F > I > J > N 
C > F > I > K > M 
D > F > I > K > M 
yes no yes last IF step with FISH 
no yes yes last IF step with FISH 
yes no yes IF ahead of FISH 
no yes yes IF ahead of FISH 
1+ to 3-4+ - to 3+ 
 3-4+ - to 3+ 
 2-4+ 1+ to 4+ 
 3-4+ 1+ to 2-3+ 
 23 D > F2 > I2 > K2 > M no yes yes IF ahead of FISH 2+ to 4+ 3+ to 4+ 
 
a  The letters refer to the codes of the experimental variants defined in table 1. A series of letters such as A > E > 
G > M delineates the sequence with which these assay-steps were performed. 
b  BSA and DEN refer to the use of bovine serum albumin and Denhardt’s solution, respectively, to prevent 
unspecific  
binding. RNase Inh refers to the presence or absence of RNase inhibitor. 
c  Fluorescence intensity was graded using an arbitrary five-step scale, where – (no fluorescence above 
background)  
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and 1+ (very faint fluorescence) were considered negative signals and 2+ (weak), 3+ (strong) and 4+ (brilliant  
fluorescence) were considered positive signals. 
d  A score such as "1+ to 3+" indicates that fluorescence intensity varied among different cells within the given 
range. 
 
Table 3  
 
Protocol of combined IF-FISH procedure  
______________________________________________________________________________________
_________ 
Function 
_________________ 
 Assay steps 
_________________________________________________________________
Sample application 1. Coating of 18- or 24-well glass slides with 10 µl plaque sample, diluted in 
coating buffer (0.9% NaCl, 0.02% NaN3, 0.00025% hexadecyltrimethyl-
ammonium bromide); air-drying. 
Fixation 2. 20-min fixation at 4°C in 4% paraformaldehyde/PBS; brief immersion in 
watera; air-drying. 
Permeabilization  3. Only with Gram-positives as FISH targets: 5 min exposure to 7 µl/well of 
lysozyme (70 U/µl); after aspiration of lysozyme droplet, brief immersion in 
washing solution (0.9% NaCl, 0.05% Tween 20, 0.01% NaN3) followed by 
brief dipping in water; air-drying. 
Blocking of unspecific 
binding 
4.  30-min incubation at 37°C in 8 µl Denhardt's solution (1:50) and RNase 
Inhibitor (1:500) in PBS; after aspiration of droplet, washing and air-drying 
as in 3. 
IF 5.  30-min incubation at 37°C in 8 µl of primary antibody diluted in IF dilution 
buffer (PBS with 0.5% BSA, 0.05% Tween 20, and RNase Inhibitor); after 
aspiration of droplet washing and air-drying as in 3. 
 6.  30-min incubation at 37°C in 8 µl of biotin-conjugated secondary antibody 
diluted in IF dilution buffer (1:250); after aspiration of droplet washing and 
air-drying as in 3. 
 7. 30-min incubation at 37°C in 8 µl streptavidin-FITC diluted in IF dilution 
buffer (1:1000); after aspiration of droplet washing and air-drying as in 3. 
FISH 
 
 
 
 
8. 90-120 min incubation at 46°C in 3-5 µl hybridization buffer (0.9% NaCl, 
20 mM Tris-HCl pH 7.5, 0.01% SDS) with 16S rRNA probe(s) at 5 ng/µl 
for Cy3- and 15 ng/µl for FAM-conjugated probes and optimized 
formamide concentration. 
9.  20-min incubation at 48°C in 50 ml of FISH washing buffer (20 mM Tris-
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Preparation for 
microscopy 
HCl pH7.5, 5 mM EDTA, 0.01% SDS, 159-636 mM NaCl, depending on 
the formamide concentration during hybridization)b followed by brief 
washing and air-drying as in 3. 
10. Mounting of slide in 90% glycerol, 10% PBS, 25 mg/ml 1,4-diazabi-
cyclo[2.2.2]octane, pH 9. 
_____________________________________________________________________________
_________ 
a Autoclaved MilliQ water (Millipore, Switzerland) 
b (Pernthaler et al., 2002)  
 
 
 
 
 
